To report the neurocognitive findings in a phase III randomized trial evaluating survival and neurologic and neurocognitive function in patients with brain metastases from solid tumors receiving whole-brain radiation therapy (WBRT) with or without motexafin gadolinium (MGd).
INTRODUCTION
Brain metastases are a frequent complication of many cancers, occurring in as many as 24% of all patients on the basis of autopsy data [1] . In lung cancer, the most common cause of brain metastases, up to 50% of patients develop CNS involvement [2-4]. Brain metastases occur early in lung cancer and sometime produce neurologic symptoms at disease presentation, in contrast to other cancers in which CNS spread is usually a later complication [1] . Other tumor types commonly associated with brain metastases include breast cancer (15% to 20%), unknown primary tumor (2% to 15%), melanoma (10%), and colon cancer (5%) [5] [6] [7] [8] [9] . The median survival of patients with brain metastases treated with whole-brain radiation therapy (WBRT) is only approxi-mately 4 months [10] [11] [12] ; clinical trials comparing various radiation therapy regimens and radiosensitizers have not demonstrated a survival benefit [13] [14] [15] [16] [17] [18] [19] .
The majority of patients with brain metastases have neurologic and neurocognitive impairment [20] . In patients with primary brain tumors, neurocognitive impairments preventing functional independence have been shown to be more common than physical disability [21] . Any treatment that would reduce the severity of neurologic and neurocognitive impairments would therefore potentially enhance the quality of life of patients with brain metastases.
Brain metastases not amenable to surgical resection are often treated with radiation therapy. However, normal tissue tolerance limits radiation dosage. Use of a tumor-selective agent that enhances radiation effect in tumors but spares normal brain might improve the therapeutic ratio of WBRT, improving local control of the tumor without increasing radiation toxicity. Motexafin gadolinium (MGd) targets tumors selectively and generates reactive oxygen species intracellularly, lowering the apoptotic threshold to radiation and chemotherapy. It increases tumor radiation response in vivo in preclinical models [22] [23] [24] . MGd is paramagnetic, and previous clinical studies have demonstrated tumor localization using magnetic resonance imaging (MRI) [25] [26] [27] .
A randomized phase III study was conducted to determine if MGd, administered with WBRT, would improve outcome for patients with brain metastases [28] . Because patients with brain metastases frequently die as a result of systemic disease progression, a survival end point may be of limited value in assessing the clinical benefit of a new treatment for brain metastases. This study, therefore, employed tests of neurologic function and neurocognitive function (NCF) to evaluate the effect of improved local tumor control.
Although, as reported elsewhere [28] , no significant difference in survival was observed between the two treatment arms, differences in time to neurologic progression and NCF were observed between the two treatment arms. The relationship between NCF and clinical variables, as well as the results of treatment with MGd on NCF, are summarized in this report. This is the first large clinical trial in which neurocognitive assessments have been studied in patients with brain metastases.
PATIENTS AND METHODS

Study Design
The study design, treatment, and assessments have been described previously [28] . In brief, this was a prospective, open-label, multicenter clinical trial (institutions and investigators are listed in the Appendix). The protocol was reviewed and approved by institutional ethics committees at each participating center in accordance with the Helsinki Declaration. Written informed consent was obtained from each patient before participation in the trial.
Adult patients were eligible to participate if they had an MRI that demonstrated brain metastases from histologically proven solid tumors, required WBRT, and had a Karnofsky performance score (KPS) Ն 70.
Patients were excluded if they had small-cell lung cancer, lymphoma, or germ cell tumors; had brain metastases that had been resected; had received prior cranial irradiation, including stereotactic radiosurgery; had leptomeningeal or liver metastases; or had two or more sites of extracranial metastases, except when breast was the primary cancer.
Treatments
Patients were randomly assigned to receive 30 Gy WBRT given in 10 daily fractions, with or without MGd 5 mg/kg/d, 2 to 5 hours before each fraction of WBRT, as has been previously published [28] . Guidelines for the initiation and tapering of corticosteroids were specified by the protocol.
Efficacy Assessments
The coprimary end points of the study were survival and time to neurologic progression. Time to neurocognitive progression was measured as a secondary end point in this trial.
Patients were evaluated at entry, at monthly intervals for the first 6 months, and then every 3 months until death. MRI scans were obtained at baseline, at 2, 4, and 6 months, and then every 3 months, and were reviewed in a blinded manner [28] . Up to six measurable brain metastases were selected at presentation as indicator lesions, the sum of which is referred to in the text and tables that follow as indicator lesion volume. Data on postrandomization use of corticosteroids, anticonvulsants, and anticancer therapies were collected.
All patients underwent a battery of standardized neurocognitive tests administered by trained and certified nurses or clinical research associates at each study visit [28] . All individuals administering these tests underwent thorough training by review of training manuals, videotapes, and hands-on instruction followed by certification.
Completed neurocognitive tests were scored centrally by a blinded, central reviewer to remove potential treatment bias in assessing outcomes. z scores were derived from the patient's scores in the individual neurocognitive tests, using an age-adjusted (and for controlled oral word association [COWA], education-adjusted) normative distribution of scores from an unimpaired population. When a patient could not attempt or did not complete any of these tests, the primary cause of the missed assessment was recorded. Causes considered by investigators to be related to a disability resulting from a brain metastasis were included as progression in the analysis.
Patients were considered to be impaired in a particular neurocognitive test at baseline if their z score was Ն 1.5 standard deviations (SDs) worse than the mean of that test's normative age-adjusted distribution.
Statistical Methods and Sample Size Calculation
All analyses were carried out on an intent-to-treat basis. No patients were excluded from the analysis. Patients were stratified at random assignment by primary tumor (breast v lung v other cancers) and the Radiation Therapy Oncology Group's recursive partitioning analysis (RPA) class (RPA class 1 v 2), determined by age, extent of extracranial disease, and status of the primary tumor [12] . The study was not powered to detect a difference in NCF, which was a secondary end point. Patients were observed for 6 months after the 400th patient was enrolled or until death.
Predictors of neurocognitive impairment at baseline. Univariate and stepwise logistic regression analyses were conducted to identify potential predictors of neurocognitive impairment (binary variable; Յ three or Ͼ three tests impaired) at baseline. In addition, Spearman correlations were determined to assess potential correlations between neurocognitive impairments at baseline and the indicator lesions' tumor volumes and the number of brain metastases at baseline. Similarly, Spearman correlations were determined to assess potential correlations between changes in NCF from baseline to month 2 and changes in the indicator lesions' tumor volume.
Neurocognitive progression analysis. Time-to-progression analysis used three progression definitions for each of the eight tests, thereby increasing the power and generalizability of the results.
The three progression definitions were a worsening in each test's score from baseline by 3, 4.5, or 6 SDs in the test's normative distribution. In addition, each worsening only counted as a progression if it was confirmed by a subsequent assessment or if it was the last measurement before termination.
Time to neurocognitive progression was analyzed using SUDAAN software (Release 8.0.1, Research Triangle Institute, Research Triangle Park, NC) by a repeated measures time-toevent Cox regression analysis with the tests in each domain and with the three levels of progression included as repeated measures.
Patients were censored at the earliest occurrence of termination from the study, additional brain-related treatment, or death.
Survival analysis. Factors predictive of survival were analyzed using Cox regression analysis. Both univariate and stepwise multivariate analyses were conducted. The following variables were included in the models: site of the primary tumor (lung v breast); sex; baseline albumin (low v normal); low, normal, or high baseline serum lactate dehydrogenase (LDH); KPS (70 to 80 v 90 to 100); age; baseline hemoglobin (low v normal); volume of indicator brain metastases; number of assessable brain metastases (Յ two v Ͼ two); country; time from primary tumor diagnosis to enrollment; presentation with brain metastases at the time of primary cancer diagnosis; tumor histology; presence of extracranial metastasis (yes or no); number of prior chemotherapy regimens; primary tumor status (controlled or uncontrolled); number of prior chemotherapy cycles; RPA (class 1 v 2); neurocognitive tests for memory (HVLT recognition, recall, delayed recall); motor speed and dexterity (grooved pegboard test, dominant and nondominant hand); executive function (Trailmaking Test B); verbal fluency and executive function (COWA), and global neurocognitive impairment ( Ͼ three tests impaired).
RESULTS
Patient Characteristics
A total of 401 patients (251 patients with lung cancer, 75 patients with breast cancer, and 75 patients with other cancers) were randomly assigned to receive either MGd and WBRT (193 patients) or WBRT alone (208 patients). The two groups were balanced with respect to known prognostic features (Table 1) . Brain was the only site of metastases in 50.8% of patients and the majority (80.1%) had multiple metastases. The majority of patients enrolled onto the study had non-small-cell lung cancer (NSCLC; n ϭ 251). As previously reported, the clinical features of patients with lung cancer were found to differ significantly from patients with breast or other cancers [28] . More lung cancer patients had brain metastases at the time that their primary tumors were diagnosed, had brain as the only site of metastases, had a much shorter median time from primary cancer diagnosis to enrollment, had less prior systemic therapy, and had smaller median indicator lesion volume in the brain. There was no difference in the postrandomization use of corticosteroids, anticonvulsants, or anticancer therapy by treatment arm.
Compliance
Baseline neurocognitive tests were completed by 87% to 98% of patients (Table 2) . Completion rates of neurocognitive tests remained high at subsequent visits. For example, 77% to 87% of patients completed the tests at their 6-month visit.
NCF Test Results
Baseline NCF was balanced between treatment arms for the overall study population and for each tumor strata. NCF was commonly impaired in patients at baseline; in particular, fine motor control, executive function, and memory (Table 2) . Nearly all patients had some evidence of neurocognitive impairment at baseline: 363 (90.5%) patients had impairment of one or more neurocognitive tests at baseline, with 170 (42.4%) of the patients having impairment in four or more tests.
Analyses of NCF versus the volume of indicator lesions at baseline and the number of brain metastases at baseline are shown in Table 3 . NCF at baseline was not statistically correlated with the number of brain metastases at baseline, but each of seven neurocognitive tests demonstrated a high degree of correlation with the volume of the indicator lesion at baseline (P ϭ .0036 for memory recognition, P ϭ .0002 for COWA, and P Ͻ .0001 for each of the other five neurocognitive tests; Table 3 ).
Univariate and stepwise logistic regression analyses of global neurocognitive impairment (binary variable, Յ three or Ͼ three tests impaired) at baseline were performed using the following variables: age, sex, smoking history, prior chemotherapy (yes or no), number of prior chemotherapy cycles, number of prior chemotherapy regimens, prior neurotoxic chemotherapy (eg, vincristine or cisplatin; yes or no), number of brain metastases, time from primary tumor diagnosis to enrollment, and baseline indicator lesion volume. Lesion volume was the only predictor of global neurocognitive impairment at baseline in this model (P Ͻ .0001 for the univariate analysis, and P ϭ .0014 for stepwise analysis).
Time to Neurocognitive Progression
Analysis of time to neurocognitive progression by treatment arm did not reach statistical significance for the overall study population. However, in the prespecified stratum of patients with brain metastases as a result of NSCLC, patients who were treated with MGd and WBRT trended to have a prolonged time-to-neurocognitive progression for memory and executive function compared with patients treated with WBRT alone (P ϭ .062 for the combined analysis of memory and executive function using six tests). Hazard ratios (HRs) for each domain and combined domains indicated a benefit in favor of the MGd treatment arm; HRs for the memory and executive function tests (separately and combined) ranged from 0.52 to 0.59, and the HR for all eight neurocognitive tests together was 0.66 (Table 4) . Results for time to progression in recall memory and in COWA tests are shown for the lung cancer patients by treatment arms in Figures 1 and 2 , respectively. No benefit was found in patients with breast or other cancers. Neurocognitive test results deteriorated over time. Patients progressed (Ͼ 2 SD change) most in pegboard performance (31% at 3 months) and least in COWA (7% at 3 months).
Neurocognitive Test Scores and Lesion Volume
Changes in NCF 2 months after treatment correlated with indicator lesion volume (Fig 3) ; patients with progressive disease had greater median changes in z scores for each neurocognitive test than did patients with partial response.
Only patients with partial response demonstrated improvement in executive function (Trail B) and visual motor scanning (Trail A) tests.
NCF and Survival
Analysis of neurocognitive test scores at baseline as univariate predictors of survival is shown in Table 5 . Neurocognitive tests at baseline that were predictive of survival in univariate analysis included memory (HVLT recognition, recall, and delayed recall), motor speed and dexterity (pegboard test for dominant and nondominant hands), executive function (Trailmaking Test B), and global neurocognitive impairment (Ͼ three tests impaired; Table 5 ). A multivariate Cox proportional hazards analysis of survival with all eight neurocognitive tests included in the model demonstrated that HVLT recognition and recall remained as independent predictors of survival (P ϭ .0323 and P ϭ .0342, respectively).
When clinical as well as neurocognitive parameters are included, the pegboard dominant hand test at baseline was predictive of survival in a stepwise multivariate analysis (P ϭ .0233; Table 6 ). Other factors predictive of survival included sex, number of brain metastases (one to two v Ͼ two), KPS (70 to 80 v 90 to 100), high LDH, low LDH, low albumin, time from primary tumor diagnosis to enrollment, and breast cancer. Impaired pegboard test scores, male sex, more than two brain metastases, low KPS, primary tumor other than breast cancer, high LDH, low albumin, and intermediate time to primary tumor diagnosis were associated with shorter survival (Table 6) .
DISCUSSION
This study used several measurements of NCF and neurologic progression to determine the potential benefit of MGd Abbreviation: COWA, controlled oral word association. ‫ء‬ Spearman correlation coefficients for sum of indicator lesion volume and z scores of neurocognitive tests. †Spearman correlation coefficients for number of indicator lesions and z scores of neurocognitive tests.
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www.jco.orgwhen added to WBRT to address the limitations of a survival end point in assessing the value of a treatment aimed at improving tumor control in the brain. The neurologic progression end point provided a clinical measure of the impact of brain metastases progression on neurologic function. NCF was assessed because it is objective and not dependent on self-reporting, which could be unreliable because of impairment caused by tumor growth and treatment. Although never previously measured in patients with brain metastases, in glioblastoma multiforme, neurocognitive progression is predictive for survival [32] . Performance on neurocognitive tests is related to the patient's ability to manage finances, recognize safe and unsafe behaviors, and remember and comply with medication regimens [21, 33] . This is one of the first reports of prospective neurocognitive testing and analysis in patients with brain metastases, including baseline pretreatment assessments. Nearly all patients had some degree of neurocognitive impairment at baseline and multiple neurocognitive impairments were common.
NCF at baseline was highly correlated with the volume of the indicator lesions at baseline but not statistically correlated with the number of brain metastases. This suggests that NCF is more affected by tumor burden than by number of lesions. This is a reasonable finding considering these mass effects occur within a fixed intracranial space.
NCF at baseline was predictive of overall survival duration in patients with brain metastases. Neurocognitive tests at baseline that were predictive of survival in univariate analysis included memory, motor speed and dexterity, executive function, and global neurocognitive impairment. Only memory was predictive of survival in the multivariate analysis. Pegboard dominant hand performance at baseline was also found to be predictive of survival in a stepwise multivariate analysis that included clinical as well as neurocognitive variables. The finding that memory performance was significant in the model with only neurocognitive tests but not in the model that included clinical variables reflects a statistical dependence between memory performance and the included clinical variables. This suggests that memory function, tumor biology, extent of spread, prior therapy, or other clinical features have an overlapping effect on survival. These neurocognitive results are consistent with those of Mehta et al [20] who reported that test scores of executive function and fine motor coordination bilaterally are significantly associated with survival. Meyers et al [32] have sim- ilarly reported that cognitive function, specifically performance on a test of verbal memory, is an important prognostic factor in predicting survival in patients with recurrent malignant glioma. The relation between cognitive functioning and survival, observed in these different studies, suggests that cognitive tests are a relatively sensitive measure of the functioning of the brain and that a combination of tumor prognostic variables and brain function assessments seem to predict survival better than tumor variables alone in patients with brain metastases.
Neurocognitive testing revealed a benefit in prolonging time to neurocognitive progression in six tests of memory and executive function for patients with brain metastases from lung cancer (but not from breast or other tumor types) treated with MGd and WBRT compared with WBRT alone. A significant delay in time to neurologic progression for patients treated with the MGd and WBRT as assessed by the investigators (P ϭ .018, unadjusted) has been found. This benefit was primarily seen in the lung cancer patient group (P ϭ .025, unadjusted), as previously reported. In Neurocognitive decline correlates with tumor growth. Median change in neurocognitive test performance (z score) for each neurocognitive test at 2 months versus radiologic response, determined by 2-month magnetic resonance imaging (MRI) response. A positive change in z score indicates a deterioration in the neurocognitive function. COWA, controlled oral word association; NDH, nondominant hand; DH, dominant hand; PD, progressive disease; PR, partial response; Exec Funct, executive function.
www.jco.orgthat study, a statistically significant benefit with MGd treatment in the prespecified lung cancer subgroup was found by both a blinded review committee and clinical investigators [28] . Although death is a competing end point that is censored in these analyses, the similarity in overall survival between treatment arms minimizes concern that censoring influenced the results.
There are several possible reasons why a benefit was observed favoring the MGd and WBRT treatment arm in lung cancer patients for time to both neurocognitive and neurologic progression. Patients with lung cancer in this trial differed substantially from patients with breast and other cancers; lung cancer patients more often presented with brain metastases at their initial primary tumor diagnosis, had brain as the only known site of metastases, had smaller lesion volume, and had less prior therapy [28] . It is likely that less extensive intracranial disease, more rapid and reversible development of CNS signs and symptoms, and less exposure to potentially neurotoxic chemotherapies provide a greater opportunity to demonstrate a benefit in this subgroup. Recently, Sperduto et al [34] , in a study of WBRT with or without stereotactic radiosurgery in patients with one to three brain metastases, similarly observed a treatment benefit in a lung cancer subgroup.
This study demonstrates that the combination of neurocognitive tests and tumor prognostic variables predicts survival better than tumor variables alone. Addition of MGd to WBRT appeared to improve memory and executive function and prolong time to neurocognitive progression in patients with brain metastases from lung cancer. A randomized phase III trial in patients with brain metastases from NSCLC has been initiated to confirm the benefits seen in this study. 
